Spatial interpolation of precipitation data is an essential input for hydrological modelling. At present, the most frequently used spatial interpolation methods for precipitation are based on the assumption of stationary in spatial autocorrelation and spatial heterogeneity. As climate change is altering the precipitation, stationary in spatial autocorrelation and spatial heterogeneity should be first analysed before spatial interpolation methods are applied. This study aims to propose a framework to understand the spatial patterns of autocorrelation and heterogeneity embedded in precipitation using Moran's I, Getis-Ord test, and semivariogram. Variations in autocorrelation and heterogeneity are analysed by the Mann-Kendall test. The indexes and test methods are applied to the 7-day precipitation series which are corresponding to the annual maximum 7-day flood volume (P-AM7FV) upstream of the Changjiang river basin. The spatial autocorrelation of the P-AM7FV showed a statistically significant increasing trend over the whole study area. Spatial interpolation schemes for precipitation may lead to better estimation and lower error for the spatial distribution of the areal precipitation. However, owing to the changing summer monsoons, random variation in the spatial heterogeneity analysis shows a significant increasing trend, which reduces the reliability of the distributed hydrological model with the input of local or microscales.
INTRODUCTION
All water enters the land phase of the hydrologic cycle as precipitation (Dingman ) . Thus, to assess, predict and forecast hydrologic responses in water resource management, a hydrologist needs to understand the amount and distribution of the precipitation. As an essential tool for the hydrologist, the hydrological model is very sensitive to the precipitation input (Teegavarapu et for the spatial interpolation method should be tested first.
Therefore, the aim of this study is to analyse the variability of the spatial autocorrelation and spatial heterogeneity of precipitation to test the suitability of the spatial interpolation method in a changing environment. If the spatial autocorrelation and spatial heterogeneity of precipitation are nonstationary, finding a suitable successor for spatial interpolation methods of areal precipitation is crucial for the adaptation to changing environment.
As the extreme precipitation in the upstream area of the Changjiang river basin is inflow to the Three Gorges Reservoir and the main source of flood for the middle and downstream area, the extreme precipitation in this area is important for the reservoir operation and flood control, and is chosen for our case study. The spatial autocorrelation indexes are specified by Moran's I, the Getis-Ord general G, and the local Getis-Ord G i statistics G i ⃰ . Spatial heterogeneity is quantified by the semivariogram, and the trends of all indexes are tested by Mann-Kendall (MK) test. Therefore, the framework of the test can be as shown in Figure 1 .
STUDY AREA AND DATA
The upstream part of the Changjiang river has a total length of 4,504 km and drainage area of 1 million km 2 , accounting for 70% of the entire river length and 55.5% of the total river Then, we performed the MK test to detect the spatial autocorrelation and heterogeneity trends in precipitation at the scale of the whole study area. 
Spatial autocorrelation analysis
where X i and X j refer to the precipitation at the ith and jth stations, respectively; W ij is a spatial weight matrix, defin- 
where E(I ) is the expected value of I for a random spatial 
The local Getis-Ord G i * equation is presented as (Getis & Ord ): 
Semivariogram for spatial heterogeneity analysis
The spatial heterogeneity of rainfall is often quantified by the semivariogram to describe its spatial structure and ran- 
where x i and x i þ h are two sampling locations of gauge i and the gauge separated by a distance h from the ith gauge. To assign the distance h, the Euclidean distance between gauges is often adopted (Skøien et al. ) 
is the number of sample gauges using h; and X(x i ) and The Gaussian model for the semivariogram is given by Equation (6):
The spherical model for the semivariogram is given by Equation (7):
The exponential model for the semivariogram is given by Equation (8):
where C is the structural variance, C 0 is the nugget variance, and a is the range parameter. The performances of the above three semivariogram models were also tested using cross- The MK test is a rank correlation test of the null hypothesis in which a time series {x t : t ¼ 1, 2, … , n} is independent and identically distributed (Mann ; Kendall ). The test statistic S is given by Equation (9) as follows:
with sgn(
. The mean and variance of the S statistic in Equation (9) given by Kendall () are:
where t p is the extent of all the ties (equal value for the pth value) and q is the number of tied values. The MK test statistic, U, which approximates a standard normal distribution (with a sufficiently large sample size, i.e., n > 10), can be estimated as follows:
U > U 1Àα/2 indicates a positive trend and U <ÀU 1-α/2 represents a negative trend in the time series at a significant level of α. Otherwise, there is no trend in the time series at a significant level of α.
RESULTS AND DISCUSSION
Spatial autocorrelation analysis in P-AM7FV
Trends in the spatial autocorrelation
The spatial autocorrelation of precipitation was assessed using Moran's I in the upstream part of the Changjiang river when the AM7FV happened (P-AM7FV). The results of the Moran's I analysis showed that the values were greater than 0 for every year from 1960 to 2008 (shown in Figure 3(a) ). There was a positive spatial autocorrelation in the study area. P-AM7FV data were clustered but not dispersed. The degree of spatial autocorrelation was also assessed by the Z values of the normal distribution. It was found that the Z scores in 1961, 1962, 1963 and 1992 were less than 1.96 (shown in Figure 3 1961, 1963, 1975, 1992 and 1996. We also trace the Moran's I and Getis-Ord general G values over time (as shown in Figures 3 and 5) . Statistically significant increasing trends in Moran's I were observed in the upstream area of the Changjiang river with an MK U value of 2.13 at a significance level of 0.05, as presented in Table 1 . However, the series of general G did not pass the trend test. Therefore, the trend of the spatial cluster pattern increased significantly for P-AM7FV data from 1960 to 2008, while the trend of the high-value spatial pattern for the P-AM7FV did not increase significantly. According to where the transition occurs with spot changes from hot to cold, whereas the other part, located to the south of the transition zone, has shown a tendency to change spots from cold to hot.
Spatial heterogeneity analysis in P-AM7FV
Variogram fitting on P-AM7FV data
To estimate the semivariogram parameters of the three semivariogram models (Gaussian, spherical and exponential Figure 7 ). Figure 7 indicates that the performances of all three semivariogram models are acceptable for describing the spatial heterogeneity of the P-AM7FV.
Trends in the spatial heterogeneity of P-AM7FV
As the characteristic parameters C 0 (random variation), 
all the parameters of all the models changed every year, and thus it was indispensable to validate the parameters of the models for the precipitation interpolation. However, the parameter values from the three models and their trends were similar to their spatial heterogeneity simulation.
The random variation C 0 is typically used to model the white noise effect in spatial heterogeneity analyses. Without considering the measurement errors in the spatial heterogeneity, the nugget C 0 only refers to microscale variations (Cressie ) . The P-AM7FV in the upstream area of the Changjiang river was mainly influenced by the interactions between monsoons and elevation, while the effects of monsoons on precipitation varied owing to climate change (Niu et al. ; Wang et al. ) . As a result, the trend in random variation was a significantly increasing trend at a significance level of 0.05 (as presented in Table 2 ). The maximum variability of P-AM7FV C 0 þ C (sill) was composed of the spatial random variations and structure variations, and it showed a non-significant increasing trend at a significance level of 0.05 (as shown in Figure 8 (b)).
The spatial structure variation C represents the amount of the observed variation that can be explained by the distance between observations. As the distance can be interpreted as the surrogate of different spatial effects of the monsoons on the P-AM7FV, the C can be physically attributed to the spatial distributions and intensities of the monsoons. If the ratio of C/[C þ C 0 ] is used to define distinct classes of spatial structure or dependence of the P-AM7FV, the P-AM7FVs can be strongly, moderately or weakly dependent spatially when the ratios are >75%, between 25% and 75%, and 25%, respectively (Cambardella et al. ) . From Figure   8 (c), it is evident that 41%, 53%, and 61% of the years are strongly dependent spatially on the Gaussian, spherical and exponential models, respectively, and fewer than 10% of the years are weakly dependent spatially on the P-AM7FV in all the models. However, their spatial dependence decreased non-significantly from 1960 to 2008 at a significance level of 0.05 (shown in Table 2 ). Therefore, the influences of the monsoons on the P-AM7FV were decreasing, while the randomness of the precipitation, including the effects of geomorphology and local climate facts, were increasing at the microscale.
The range is the maximum length scale of the spatial autocorrelation. The ranges fluctuate in the three models (as shown in Figure 8(d) ), resulting in non-constant autocorrelation distances. As the influences of the monsoon on the P-AM7FV were decreasing, the importance of local elevations to the P-AM7FV was relatively enhanced. Range had a significant increasing trend. Therefore, the degree of global spatial autocorrelation represented by Moran's I had a significant increasing trend, which may have been partly related to the significant increasing trend of the range in spatial autocorrelation. However, both the randomness, with a significant increasing trend, and the spatial dependence, with a non-significant decreasing trend, may be attributable to changes in the distribution of hot and cold spots at the microscale.
As the summer monsoons are the intrinsic variation factors in the spatial pattern of the P-AM7FV, it is necessary to understand further the trends of the summer monsoons in the upstream area of the Changjiang river basin. The P-AM7FV in the study area was mainly influenced by the 
À2.47 ↓ Range 3.00 ↑* *Passed the test at the significant 0.05 level. trend, which consists of the AM7FV trend and the range and spatial structure variation trends (as presented in Table 3 ).
As the sources of the summer monsoons are different, their trends are different, especially under climate change.
Their impacts on the extents and intensities of precipitation are also different every year. Therefore, there are more uncertainties in the variation of the spatial pattern of P-AM7FV at the microscale than that at the global scale. 
